The introduction of TCD ultrasonography by Aaslid, et al., 2 in 1982 offered a portable, noninvasive means for measuring CBF velocity in the major intracranial vessels. Therefore, applications of this new technology increased considerably and included use in infants and children with hydrocephalus. The Pourcelot RI 22 and the Gosling PI 13 are the two most commonly used PIs in patients with hydrocephalus. Both were initially used to study cerebral circulation in hydrocephalus in 1982.
and the applications of TCCD ultrasonography in selected cases. All patients presented to the pediatric neurosurgery section of our institution between February 1999 and June 2000. The patients exhibited no signs or symptoms suggestive of cardiac or respiratory problems, and analysis of hematopoiesis of peripheral blood showed normal findings.
Fifty pediatric and young-adult patients were studied (newborn-18 years of age); in all patients VP shunts had been placed to treat hydrocephalus. Congenital hydrocephalus was documented in 35 patients and acquired hydrocephalus in 15, based on clinical presentation and imaging studies (real-time ultrasonography, CT scanning, or MR imaging). The cases of neoplasm-induced hydrocephalus were excluded. The control group was composed of 85 healthy children.
We divided the 135 children into three groups: Group 1 comprised 40 asymptomatic children with a good functioning VP shunt that had not required revision for at least 2 years; Group 2 was made up of 10 symptomatic children with malfunctioning shunts that had required surgical revision; and Group 3 was composed of 85 healthy infants who served as the control population and in whom CNS disease was absent. The normal range of CBF velocities was determined, and sequential measurements of intracranial arterial blood flow velocities were measured (systolic velocity, end diastolic velocity, and RI).
The RI was calculated by dividing the difference between peak systolic and end diastolic velocity values by peak systolic measurement (RI = peak systolic velocity Ϫ end diastolic velocity/peak systolic velocity). The RI is a ratio and can be expressed in whole numbers, percentages, or a fraction to minimize the error in estimating the true velocity as a result of a varying angles of insonation.
The patients underwent real-time TCCD ultrasonography assessment of basal cranial arteries (model HDI 3000 or HDI 5000; Advanced Technology Laboratories, Inc., Bothell, WA) equipped with a 2 to 4-MHz transcranial phased-array transducer and/or 4 to 7-MHz transfontanellar phased-array transducer.
In Group 1, we evaluated CBF velocity by insonation of the MCA, ICA, and PCA through the temporal squama. The arteries evaluated in Groups 2 and 3 were the ACA, MCA, ICA, and PCA; assessment was performed through the temporal squama and/or the anterior fontanelle in all patients in whom this acoustic window existed.
The TCCD ultrasonography sample size and the wall filter were set at their lowest levels, and the pulse repetition frequency (velocity scale) and baseline were adjusted to display a spectral waveform optimally over the full height of the scale, without risk of creating an "alias." After a stable waveform was obtained over at least 5 seconds, the image was captured, and the RI in the arteries was determined, with cursors identifying the peak systolic and end diastolic velocities in a standard fashion. Angle correction was not undertaken.
A group of patients underwent functional testing to evaluate hemodynamic changes of cerebral circulation. These tests consisted of the response to fontanelle compression and analysis of vasomotor reactivity after inhalation of CO 2 and spontaneous hyperventilation.
The compression of the anterior fontanelle during TCD ultrasonography examination of the ACA was performed in 10 pediatric patients with malfunctioning shunts before and after surgery (Group 2); this consisted of the transducer-applied uniform continuous pressure through the acoustic window in a period of fewer than 5 seconds. The ACA or its pericallosal branch was identified in the midsagittal plane, and this vessel was subsequently insonated at its vertical course, immediately anterior to the genu of the corpus callosum. All RIs, percent of change in RIs, and peak systolic and end diastolic velocities were obtained from each spectrum and recorded (Fig. 1) .
Percentage of change in RI was defined as the following: (fontanelle compression RI Ϫ baseline RI)/baseline RI.
The instant effects of pressure application and release on the Doppler spectral waveform were also documented during each study. The amount of pressure was made uniform subjectively among patients by having one examiner performing all TCCD ultrasonography studies, but no attempt was made to quantify or monitor pressure application. Fifteen healthy infants also underwent this test (Group 3 [control patients]).
Ten Group 1 infants with functioning asymptomatic shunts underwent Doppler CO 2 testing. The patients inhaled normal air at rest and a gas mixture of air and CO 2 (5%) through a mouthpiece connected to a reservoir in hypercapnia phase and, after this, a phase of voluntary increased hyperventilation (hypocapnia). The M 1 segment of the MCA and P 1 segment of the PCA were studied with TCCD ultrasonography performed through the temporal squama, and measurements of the mean velocity were calculated, and values were expressed by percentage of vasomotor reactivity (CO 2 RI). The CO 2 RI was calculated using the following formula: 24 where V1 is the baseline flow velocity, V2 is the final flow velocity after CO 2 administration, and V3 is the final flow velocity after hyperventilation.
All TCCD ultrasonography measurements are represented as mean velocities.
Ten Group 3 infants without CNS disease also underwent TCCD ultrasonography testing. In some cases, not all vessels could be insonated; the mean values for all vessels studied were calculated in each patient and the RI was calculated to the nearest percentage, and systolic and diastolic flow velocities in centimeters per second.
The values for each group are presented as the mean Ϯ 1 SD. Data were analyzed using the multivariate Wilcoxon test for comparison of two samples used to define the association among the groups and within each group. A probability value less than 0.05 was used as the significance level.
RESULTS
The RI values determined in the different groups are summarized in Table 1 .
In Group 1 40 TCCD ultrasonography examinations were performed in 40 patients. The Doppler sign was obtained in 181 (75.4%) of 240 intracranial arteries. Sequential CT scanning or MR imaging revealed normalsized ventricles in 20 patients (50%), slit ventricles in 15 (37.5%), and dilated ventricles in five (12.5%).
During the period of this study, the VP shunt malfunctioned in two patients who underwent TCCD ultrasonography assessment on three occasions (when they were asymptomatic, during the malfunction, and after the shunt was changed). The results are presented in Fig. 2 .
In Group 2, the mean RI value was 62 Ϯ 5%. Following shunt revision in these patients, the mean RI decreased to 50 Ϯ 5% (p Ͻ 0.05). The RI in association with clinical status is presented in Table 2 .
Anterior fontanelle compression produced a significant statistical change in RI measurements, end diastolic flow velocity, and percentage of change in RI in infants with malfunctioning shunts.
The end diastolic flow velocity decreased significantly before surgery (p Ͻ 0.001) to 30.9 Ϯ 12 cm/second (10 paired observations) and, with fontanelle compression, to 13.7 Ϯ 9 cm/second. Before treatment, the mean RI with fontanelle compression increased significantly (p Ͻ 0.001) in patients with malfunctioning shunts to 60 Ϯ 9% and with fontanelle compression to 80 Ϯ 10%. The percentage of change in RI decreased significantly (p Ͻ 0.0001) to 24.3 Ϯ 10% in patients with malfunctioning shunts and after the surgical treatment to 6.4 Ϯ 5%. The values of peak systolic velocity did not change significantly with fontanelle compression before and after surgical change of the shunt (p Ͼ 0.05). Compared with the control group, the values of peak systolic velocity prior to surgical revision were significantly increased (p Ͻ 0.001). The results are summarized in Fig. 3 and Table 3 .
In Group 1, 10 infants with asymptomatic shunts underwent Doppler CO 2 testing. Routine sequential CT scanning performed after shunt implantation demonstrated typical slit ventricles in eight cases. Severely reduced vasomotor reactivity was demonstrated in patients with long-term shunts and in asymptomatic patients compared with the control group (Figs. 4-6 ). Fig. 2 . Graph demonstrating RI changes in the MCA, ICA, and PCA in two Group 1 patients examined prior to shunt malfunction, at the time of shunt malfunction, and after revision surgery. We identified an increase in RI that occurred from baseline when the shunt failed. certainly had a great impact on diagnostic and follow-up evaluation in this population. Early diagnosis allows proper indication of whether surgery should be performed, both initially and after development of complications in patients with malfunctioning shunts, thus preventing future cognitive deterioration. 12 Computerized tomography scanning and MR imaging have completely changed our concepts in pediatric neurosurgery. Although these modalities are necessary in evaluating children with hydrocephalus, their indications should be carefully monitored both from economic and medical points of view. Irradiation of an incompletely myelinated brain and even the whole body is burdensome in children; it is not rare that an infant has undergone a dozen or more CT scanning studies when shunt malfunctioning is suspected. Although not radiation based, MR imaging requires sedation and its costs are considerable; additionally, it is not always available in busy neurosurgical centers. 18 The addition of TCD technology to ultrasonographic examination made it possible to conduct studies in children after fontanelle closure, by applying the transducer to the temporal region. 20, 25, 28, 36 The use of TCD allows one to obtain real-time measurements of arterial or venous blood flow velocity directly from insonation of vessels coded in color or by methodically searching the vessels and analyzing changes in sound frequencies. 2, 5 Although direct measurement of the ICP remains the gold standard for determining the adequacy of ventricular decompression at any particular moment, such procedures are invasive. 8, 19, 23 Transcranial color-coded Doppler ultrasonography allows rapid, noninvasive assessment of blood flow velocities in the major intracranial vessels and can be performed repeatedly. Since the introduction of TCD ultrasonography, several authors have described the relationship between raised ICP and the Doppler waveform. This waveform has been expressed by several indices, such as the PI and the RI. These indices are used to demonstrate the presence of raised ICP. 29 The authors of previous studies have reported good correlation between RI and raised ICP in cases involving various intracranial pathological processes including hydrocephalus. 30, 37 The elevation of RI with ICP is related to impaired diastolic blood flow. In infants with malfunctioning shunts, the TCCD ultrasonography measurement-identification elevation of RI is presumed to reflect elevated ICP. 19, 21, 33 R. S. There are many factors that influence the RI such as cardiac output, heart rate, presence of a ductus arteriosus, and the use of vasoactive medications such as dopamine. Some authors have reported finding no statistical relationship between RI and ICP, but in these studies the investigators used measurements for RI without fontanelle compression. 3, 14 In the present study the patients underwent clinical and laboratory evaluation before TCCD ultrasonography measurements were obtained.
DISCUSSION
In children with hydrocephalus treated using shunt therapy the use of functional tests to evaluate normal and pathological postoperative courses improves the sensitivity, specificity, and accuracy of establishing the presence of raised ICP and its correlation with RI. 34 Compression of the fontanelle produces a transient increase of intracranial volume and is presumed to be a noninvasive predictor of altered cerebral compliance in children with ventricular dilation. This method is useful, noninvasive, and well tolerated by children. The presence of reversed blood flow during diastole demonstrated on TCCD ultrasonography during the fontanelle compression is strongly suggestive of elevated ICP. 32 We found that in Group 1 patients, RI values were normal; however, two patients in this group presented with malfunctioning shunts. Baseline RI values were very important because after the shunt was revised, we observed normal RI values. The use of TCCD ultrasonography in regular follow-up evaluation helped us to determine the optimal time for shunt revision. Similar results have been demonstrated by other authors in patients with malfunctioning shunts. 8 In Group 2, transfontanellar color Doppler ultrasonography in association with the fontanelle compression test demonstrated increased RI (p Ͻ 0.001) and percentage of change in RI (p Ͻ 0.0001) before surgical revision of any shunt, and we observed significantly decreased end diastolic velocity after the fontanelle compression test (p Ͻ 0.001). In some cases, reverse diastolic flow occurred after fontanelle compression. When this test was performed in 15 healthy infants without CNS disease, no significant increase in RI, end diastolic velocity, or percentage of change in RI was demonstrated.
To evaluate the effects of long-term shunt therapy in asymptomatic children with hydrocephalus, 10 of the Group 1 children underwent Doppler CO 2 testing. 24 Vasomotor reactivity in healthy individuals has been defined previously. 24 Any CO 2 -induced blood flow velocity changes differed for hyper-and hypocapnia. The degrees of vasomotor reactivity are severe reduction (Յ 33%), moderate reduction (34-64%), and normal (Ն 65%).
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Color-coded Doppler in hydrocephalic children Some authors evaluated pre-and post-shunt therapy hemodynamic changes and their correlation with the clinical results in normal-pressure hydrocephalus. 4, 17 The vasomotor reactivity documented by TCD ultrasonography with CO 2 testing before and after shunt placement demonstrated that shunt treatment improves vasomotor reactivity in responsive patients. Postoperatively, an increase of vasomotor reactivity tends to accompany improvement of the functional status.
Autoregulatory capacity may partly or completely be lost after stroke, cerebrovascular insufficiency, or subarachnoid hemorrhage. 1, 9 Cerebral autoregulation is a homeostatic mechanism that minimizes deviations in CBF when cerebral perfusion pressure changes. 11, 35 Analysis of our results showed that vasomotor reactivity was severely reduced in patients with hydrocephalus and functioning shunts. The autoregulatory capacity may be partly or completely lost after long-term shunt therapy. Some authors have demonstrated that in patients with limited pressure-volume compensatory reserve, there can be an excessive increase in ICP during cardiovascular fluctuations, especially at night; this may cause night-time or early-morning headaches in patients with blood flow-control devices. 10 The aforementioned functional tests are a noninvasive means by which to assess cerebral compliance and CO 2 vasomotor reactivity. The fontanelle compression test has been used to increase intracranial volume transiently and thus help establish a diagnosis of abnormal cranial compliance in infants, and it may be helpful in timing the surgical revision of the shunt. These tests are also helpful for evaluating cerebral autoregulation dynamics in infants with hydrocephalus.
CONCLUSIONS
Transcranial color-coded Doppler ultrasonography can be used to follow and monitor children with hydrocephalus. It is a useful, noninvasive predictor of elevated ICP and may be helpful in timing or predicting the need for treatment in malfunctioning shunts.
We have evaluated hemodynamic changes by using TCCD ultrasonography in children with hydrocephalus treated using shunt therapy and studied their correlation with functional and dysfunctional shunts. The results of CO 2 vasoreactivity test showed that the autoregulatory capacity may be partly or completely lost after long-term shunt therapy.
